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Results are presented from a search for new physics in the final state containing a 
photon and missing transverse energy. The data corresponds to an integrated lumi- 
nosity of 5.0 fb collected in pp collisions at y/s= 7 TeV by the CMS experiment. 
The observed event yield agrees with standard model expectations. Using models 
for the production of dark matter particles(x), we set 90% confidence level (C.L.) 
upper limits of 13.6-15.4 fb on production in the 7+ Et state. These provide 
the most sensitive upper limits for spin-dependent x-nucleon scattering for masses 
between 1 and 100 GeV. For spin dependent contributions, the present limits are 
extended to M(x) < 3.5 GeV. For ADD models with 3-6 large extra dimensions, 
our data exclude extra-dimensional Planck scales between 1.64 and 1.73 TeV at 
95% C.L. 



1 Introduction 



Proton-proton collisions at the Large Hadron Collider (LHC) resulting in final states 
consisting of a photon (7) and missing transverse energy ($t), are used to inves- 
tigate dark matter (DM) production and models of extra spatial dimensions (see 
further) . 

Dark matter is the dominant non-baryonic component of the universe's matter 
density [11. Searches for a DM candidate (x) in the universe takes the form of 
direct detection of (x) through elastic (x)-nucleon scattering or indirect detection 
via characterstic radiation from x X annihilation in astrophysical sources. Since 
DM travels through the Compact Muon Solenoid detector [2] (CMS) without in- 
teraction, it appears as $t in the resulting collision fragments. At the LHC, DM 
can be produced in the reaction qq — > 7 x Xi where the photon is radiated by 
one of the incoming quarks. The final state is a high-py photon and J£t- Recent 
theoretical work 3j6 casts this process in terms of a massive mediator in the s 



channel that couples to a XX P a i r °f Dirac particles. This process is contracted into 
an effective theory with a contact interaction scale A, given by A~ 2 = g x g q M M 2 , 
where Mm is the mediator mass and g x and g q are its couplings to x an d quarks, 
respectively. The model provides a way to connect the i-channel x-nucleon elastic 
scattering to the s-channel pair-production mechanism. The effective s-channel op- 
erator can be chosen to represent either a vector or axial-vector, spin-independent 
or spin-dependent interaction, respectively. 

The Arkani-Hamed, Dimopoulos, and Dvali (ADD) model [7] proposed a frame- 
work for addressing the hierarchy problem, namely the existence of two widely 
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different fundamental scales of nature: the electroweak scale (Mew ~ 10 3 GeV) 
at which the electromagnetic and weak interaction unify, and the Plank scale 
(Mpi ~ 1.2 x 10 19 GeV) at which gravity becomes as strong as the gauge interac- 
tions. In this framework, space-time is postulated to have n extra compact spatial 
dimensions with a characteristic scale R, leading to a modified Planck scale, Mjj, 
given by M|, sa M" +2 i?™. Assuming M D is of the same order as Mew; the ob- 
served large value of Mpi can be interpreted as being a consequence of the "large" 
size of R (relative to the Planck length rj Mpj ) and the number of extra dimen- 
sions in the theory. The process qq — > 7G, where the graviton G escapes detection, 
motivates the search for events with single high-pT isolated photons. 



2 Event Selection 



Events are selected from a data sample corresponding to an integrated luminosity 
of 5.0 fb _1 using single-photon triggers which are almost 100 % efficient within the 
selected signal region of |?7 7 | < 1.44 and pj > 145 GeV. Photons are required to 
pass additional isolation criteria. In particular, the scalar sum of px depositions in 
the ECAL within a hollow cone of 0.06 < AR < 0.40, excluding depositions within 
IA77I = 0.04 of the cluster center, must be < 4.2 GeV + 0.006 x pj, the sum of 
scalar pt depositions in the HCAL within a hollow cone of 0.15 < AR < 0.40 must 
be < 2.2 GeV + 0.0025 x pj, and the scalar sum p-r of track values in a hollow cone 
of 0.04 < AR < 0.40, excluding depositions that are closer to the cluster center 
than \Ar)\ = 0.015, must be < 2.0 GeV + 0.001 x pj (with p T in GeV units). 
The ratio of energy deposited in the HCAL to that in the ECAL within a cone of 
AR. = 0.15 is required to be less than 0.05. Due to the high luminosity at the LHC, 
there may be a multiple collisions at once which may result in an ambiguity in the 
assignment of a photon's origin collision vertex. To account for this, the photon 
is required to pass the track isolation criteria for all reconstructed vertices and a 
systematic uncertainity is included. It is also required that there are no pattern of 
hits in the pixel detector, called pixel seed. 

The ]£t is defined by the magnitude of the vector sum of the transverse energies 
of all of the reconstructed objects in the event, and is computed using a particle- 
flow algorithm 8|. The candidate events are required to have $t > 130 GeV. 
Events with excessive hadronic activity are removed by requiring that there are no 
particle flow jets, identified with the anti-k^ algorithm with a distance parameter 
of 0.5 [9] within | 7 | < 3.0 outside of Ai?(jet,7) = 0.04 with p T > 20 GeV. To 
remove instrumental background arising from showers induced by bremsstrahlung 
from muons in the beam halo or in cosmic rays, it is required that the time assigned 
to the photon is ± 3 ns of that expected of a collision particle's arrival at the ECAL. 
Other anomalous ECAL signals are reduced by requiring that the timing of all the 
deposits comprising the photon are consistent. 

After applying all of the selection criteria, 73 candidate events are found. 
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Figure 1. The photon distribution for the candidate sample, compared with the estimated 
contributions from SM backgrounds and a prediction from ADD for Mo = ITeV and n = 3. 
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Figure 2. The 90% CL upper limits on the x _nuc l eon cross section as a function of M x for (a) 
spin-independent and (b) spin-dependent scattering 



3 Backgrounds 

The primary background for the 7 + $t signal is the irreducible SM background 
from Z"f — > vv^f production. This and other SM backgrounds, including W7, 
W— >ev, 7+jet, multijet (referred to as QCD), and diphoton events are estimated 
using Monte Carlo simulation. The expected contribution from the — ¥ vDj 
process to the background is 45.3 ±6.8 events. The combined expected background 
from W7, 7+jet and diphoton events is 4.1 ± 1.0. 

Backgrounds that are out of time with the collisions, are estimated from data by 
examining the transverse distribution of energy in the EM cluster and the time-of- 
arrival of the signal into the crystal with the largest energy deposition. Templates 



for anomalous signals 10 , cosmic-ray muons, and beam halo events are fitted to a 
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Figure 3. Limits on Mq as a function of n, compared to LO results from similar searches at the 
Tevatron and LEP 



candidate sample that has no timing requirement. It is found that only halo muons 
gives a significant residual contribution to the in-time sample with an estimated 
11.1 ± 5.6 events. 

Electrons misidcntificd as photon if its ECAL supercluster doesn't have a re- 
constructed pixel match. The matching of electron showers to pixel seeds has an 
efficiency of e = 0.9940 ± 0.0025, as estimated with Monte-Carlo(MC) simulated 
events and verified with Z-^-ee events in data. The contribution of W-^ev events 
to the candidate sample has been found by scaling a control sample of electron 
candidates by (1 — e)/e yielding 3.5 ± 1.5 events. 

The contamination from jets misidentified as photons is estimated by using a 
control sample of EM-enriched QCD events which are used to calculate the ratio 
of events that pass the signal photon criteria relative to those that pass really 
looser criteria in combination with failing the isolation requirement. Since the EM- 
cnrichcd sample also includes production of direct single photons, this additional 
contribution to the ratio is estimated by fitting templates of energy-weighted shower 
widths from MC-simulated 7+jets events to an independent QCD data sample, and 
used to subtract the 7+jets contribution. This corrected ratio is applied to a subset 
of the EM-enriched jet events that passes loose photon identification and additional 
single-photon event selection criteria, providing a background contribution of 11. 2± 
2.8 jet events. 

The 73 observed events in data agree with the total expected background of 
75.1 ± 9.5 events. Distributions in photon p^ for the selected candidate events and 
for those estimated from background are shown in Fig. [T] The spectra expected 
from the ADD model for Mb — 1 TeV and n — 3 are superimposed for comparison. 
Based on these results, exclusion limits are set for the DM and ADD models. 
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Table 1. Observed (expected) 90% CL upper limits on the DM model parameters 

M x Vector Axial- Vector 

a [fb] A [GcV] a [fb] A [GcV] 



1 14.3 (14.7) 572 (568) 14.9 (15.4) 565 (561) 

10 14.3 (14.7) 571 (567) 14.1 (14.5) 573 (569) 

100 15.4 (15.3) 558 (558) 13.9 (14.3) 554 (550) 

200 14.3 (14.7) 549 (545) 14.0 (14.5) 508 (504) 

500 13.6 (14.0) 442 (439) 13.7 (14.1) 358 (356) 

1000 14.1 (14.5) 246 (244) 13.9 (14.3) 172 (171) 



4 Results and Conclusions 

Upper limits are set on the DM production cross sections, as a function of M x , 
assuming vector and axial- vector operators, summarized in Table [l] The obtained 
limits are converted into the corresponding lower limits on the cutoff scale A, also 
listed in Table [T] The A values are then translated into upper limits on the \~ 
nucleon cross sections, calculated within the effective theory framework. These 
cross sections are displayed in Fig [2] as a function of M x and superimposed with 
the results of some other experiments. Previously inaccessible \ masses below rs 
3.5 GeV are excluded for the x-nucleon cross section greater than w 3fb at 90% CL. 
For spin-dependent scattering, the upper limits surpass all previous constraints for 
the mass range of 1-100 GeV. The results presented are valid for mediator masses 
larger than the limits on A, assuming unity for the couplings g x and g q . 

A set of 95% confidence level (CL) upper limits are also set on the ADD cross 
sections and translated into exclusions on the parameter space of the model. The 
upper limits are calculated using a CL S [11] method with uncertainties parameter- 
ized by log-normal distributions in the fit to data. The limits on Md, with and 
without if-factors, are summarized in Table [2] Masses Afn < 1.65 TeV are ex- 
cluded at 95% CL for n = 3, assuming NLO cross sections. These limits, along 
with existing LO ADD limits from the Tevatron |12|13] and LEP [13], are shown 



in Fig. [3] as a function of Mn, for n = 4 and n — 6 extra dimensions. These results 
extend significantly the limits on the ADD model in the single-photon channel be- 
yond previous measurements at the Tevatron and LEP experiments, and set limits 
of M D > 1.59 - 1.66 TeV for n=3-6 at 95% CL. 



Table 2. Expected and observed lower limits on Mjy at 95% CL, as a function of extra dimensions 
n, with K factors(and without, i.e, K = 1) 
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